Reliable diagnosis and quantification of mitral regur gitation are important for patient management and for optimizing the time for surgery. Previous methods have often provided suboptimal results. The aim of this in vitro study was to evaluate MR phase-velocity mapping in quantifying the mitral regurgitant volume (MRV) using a control volume (eV) method. A number of contiguous slices were acquired with all three veloc ity components measured. A ev was then selected. en compassing the regurgitant orifice. Mass conservation dictates that the net inflow into the ev should be equal to the regurgitant flow. Results showed that a ev. the boundary voxels of which excluded the region of flow acceleration and aliasing at the orifice. provided ac curate measurements of the regurgitant flow. A smaller ev provided erroneous results because of flow acceleration and velocity aliasing close to the orifice.
A large ev generally provided inaccurate results be cause of reduced velocity sensitivity far from the ori fice. Aortic outflow. orifice shape. and valve geometry did not affect the accuracy of the ev measurements. The ev method is a promising approach to the problem of quantification of the MRV. RELIABLE ASSESSMENT OF the severity of mitral re gurgitation is important for patient management and for determining the time for valve replacement surgery. To date. there are a number of clinical approaches to diag nosing the severity of valvular regurgitation. Unfortu nately, these approaches usually lack reliability. Angio graphy (1) has been the standard clinical technique, but it is invasive, only semiquantitative, and involves radia tion exposure. A variety of echocardiographic and MRI techniques (2) (3) (4) (5) (6) (7) (8) (9) (10) have been studied recently to assess mitral regurgitation. They focused on the jet side of the regurgitant valve in an attempt to correlate the geomet rical parameters of the regurgitant jet in the left atrium with the severity of the disease. Unfortunately, these techniques were accompanied by technical limitations. Lately, efforts toward quantifYing the regurgitant volume have been increased. This quantity has been identified as an important index of the severity of regurgitation. Vol umetric MRI techniques (11, 12) attempted to measure the regurgitant volume from the difference between the left and right ventricular stroke volumes. Although the combination of left and right ventricular volumes with systolic and diastolic aortic and pulmonic flows can pro vide an estimate for the regurgitant volumes of the heart valves, this approach is not reliable in the presence, for instance, of aortic and pulmonic valve stenosis because of signal distortion in the aorta and pulmonary artery. Furthermore, volumetric MRI techniques indirectly esti mate the regurgitant volume by combining measure ments at different sites in the heart and not focusing on the site of interest, which is the specific regurgitant valve. The recently developed proximal isovelocity surface area (PISA) method (13) seems promising because it attempts to focus solely on the mitral valve. However, its reliability and accuracy can be severely affected by the complex na ture of the flow field in the left ventricle because of the interaction of the regurgitant flow field with the aortic outflow field (14) . The dominant aortic outflow field con taminates the proximal accelerating regurgitant flow field, altering the isovelocity contour shape and causing errors in the calculation of the regurgitant flow rate.
Using MR phase-velocity mapping (PVM) flow through a vessel can be measured accurately (15) (16) (17) (18) . PVM has been used to measure the mitral regurgitant volume in an indirect way, by subtracting the aortic outflow mea sured in systole from the mitral inflow measured in di astole (19) . One of the disadvantages of this indirect method is that it is not valid in the simultaneous pres ence of mitral and aortic regurgitation.
In aortic regurgitation, the regurgitant flow rate can be measured with PVM by positioning an imaging slice per pendicular in the aorta close to the aortic valve (18) . In tegration of the aortic flow curve over diastole provides the regurgitant volume per cardiac cycle. Under the cur rent imaging technology, this single slice technique is in accurate in mitral regurgitation, because of the strong interaction between the aortic outflow and the regurgi tant flow in the vicinity of the mitral valve (Fig. 1) .
In a recent study, Walker et al (20) showed that flow through an orifice can be measured with a control volume (CV) method using PVM. Therefore, the idea in this study is to take a number of contiguous imaging slices in the vicinity of the mitral valve model and measure all three velocity components. Then, an imaginary CV is con structed to encompass the orifice. Because three-dimen sional velocity data are available in all slices, it is easy to select a rectangular box (CV) in which the faces consist of voxels from these slices. One of the six faces of this box will cut the regurgitant orifice parallel to the orifice plane. Because of the principle of mass conservation, the net inflow into this box or CV (excluding the voxels inside the orifice) is equal to the regurgitant flow through the orifice.
Therefore, the hypothesis in this study was that this CV method has the potential to measure the mitral re gurgitant volume. However, there is a need to determine the effect of a variety of factors on the reliability of the method to quantitY the regurgitant volume. The aim of this study was to conduct an in vitro investigation for the potential of the CV method to accurately quantitY the mi tral regurgitant volume. Specifically, we investigated the effects of the size of the CV, the presence of aortic outflow, and the geometrical characteristics of the regurgitant orifice on the reliability and accuracy of the CV measure ments.
• METHODS

Models
A plexiglas left ventricular model ( Fig. 2 ) with the aortic outflow tract was used for the experiments. The "base apex" size was 7.6 cm, and the "anterior-posterior" size was 7.0 cm. The model was designed to allow cone shaped plexiglas regurgitant mitral valve models to be in serted easily. Seven of these models were made to study different magnitudes of regurgitant flow rates and differ ent geometries. Four of the models had a circular regur gitant orifice. Two of these circular orifice models had a cone-apex angle of 60° and the other two had an angle of 90 0 For each angle, the orifice diameters used were 3 mm • and 5 mm. The other three models had slit-like orifices with length to width ratios of 2.5: 1, 5: 1, and 10: l. The model was placed in a plexiglas vessel filled with station ary water to ensure an adequate MR signal.
Measurements
Steady and pulsatile flow experiments were performed in a 1.5-T scanner (Gyroscan ACS II, Philips Medical Sys tems, Shelton, CT). Water was used as the working fluid, because the flow in the model was inertially driven. Use of steady flow allowed the factors of interest to be investi Aorta--t-. gated separately. Finally, pulsatility was introduced to study the method under physiologic flow conditions.
In the steady flow experiments, the regurgitant flow rate was varied from l.0 to 7.0 l/min and the aortic outflow rate was varied between 0 and 25 l/min (Table 1 ). These flow rates were measured during the experiments with cal ibrated rotameters. Flow was driven by a steady flow pump (4E-34N, Little Giant Pump Company, Oklahoma City, OK).
In the pulsatile flow experiments, the regurgitant volume was varied between 10 and 55 ml/beat (Table 2) , covering a large range of regurgitant severity. The aortic outflow was kept constant to 70 ml/beat in all cases. Pulsatility in the flow was generated by a computer-controlled piston pump (SuperPump, SPS 3891 Vivitro Systems Inc., Victo ria, British Columbia, Canada) able to reproduce physio 
Imaging Procedure
Initially, a gradient-echo scout image was acquired, as shown in Figure 3 (slice thickness = 7 mm, field of view = 300 mm, TE = 8 msec, TR = 30 msec, flip angle = 35°, matrix size = 256 x 256). The mitral regurgitant orifice was detected on this scout image, and then five contiguous transverse velocity-encoded images, with all three velocity components measured, were acqUired in the region of the regurgitant orifice (Figs. 1 and 3) , perpendicular to the transvalvular axis (slice thickness = 5 mm; field of view = 300 mm; TE = 7.2, 5.4, and 6.9 msec for the through plane, anterior-posterior, and left-right velocity compo- 128; flip angle = 35°). The spatial resolution of the images (voxel size) was 5 X 2.34 X 2.34 mm. Although the in plane resolution could be higher, increasing this resolu tion would cause an additional increase in the already long acquisition time. Because preliminary measurements with the 2.34 X 2.34 mm resolution provided accurate results, it was decided to perfonn the main measurements with this value. Based on preliminary measurements, the ve locity-encoding value (VENC) used in the main experi ments was 45 cm/sec. Use of this value prevented velocity aliasing in the region of interest in the vicinity of the re gurgitant orifice. In pulsatile flow, each velocity acquisition was perfonned with retrospective ECG gating. Twenty phases were acquired during the cycle.
Image and Data Analysis
Based on the phase values of the pixels in the station ary water surrounding the model, a plane containing the phase offsets was created through two-dimensional regression analysis, as previously described in detail (18, 21) . Subtraction of this error plane from each initial phase image resulted in a series of new corrected phase images. Subsequently, the phase was converted to veloc ity based on the linearity between the phase of the received signal and the protons velocity. A computer program was used to select a series of rectangular CVs that encompassed the regurgitant Orifice (Figs. 2 and 4) . The range of rectangular CV sizes was from 7 X 7 X 7.5 mm to 40 X 40 X 22.5 mm (length X width X height). Integration of the velocity over the area of the faces of the CV (except for the pixels located on the mitral model wall and inside the regurgitant Orifice) provided the net flow rate that entered the CV. Due to mass conservation, this flow rate should be equal to the regurgitant flow rate. In pulsatile flow, the regurgitant volume was detennined by integrating the regurgitant flow curve over systole.
Statistical Analysis
The measured flow rates were compared to the actual flow rates with regression analysis. This analysis was performed for different CV sizes to detemline the size range that provided the most accurate results. Nonpar ametric Mann-Whitney statistical tests were used to de termine the effects of aortic outflow and geometry of the orifice models,
• RESULTS
In Figure 5 , the relation between the CV measured re gurgitant flow rate and the actual regurgitant flow rate is shown. Results for three CV sizes are shown: small (7 x 7 x 7.5 mm), medium (26 X 26 X 17.5 mm), and very large (40 X 40 X 22,5 mm). For the small CV, the flow rate was measured satisfactorily only for very small flow rates. An underestimation in the measurements was seen as the regurgitant flow rate increased. Regression anal ysis confirmed the previous observations as seen from the regression equation. For the medium CV, the mea sured flow rates are in very good agreement with the true flow rates for the entire range of flow rates. This was con firmed by the regression equation. Use of a very large CV leads to underestimation of the flow rate and scattering in the data (reduced coefficient of determination), urements. A case of severe regurgitation is shown in Fig  ure 6 . Use of a small CV (7 X 7 X 7.5 mm) led to errors in the measurements. The accuracy was very good for a medium CV (21 X 21 X 12.5 mm). In Figure 7 , the av erage percent error in the measured regurgitant volume is shown plotted against the CV length and width when the CV height is 12.5 mm (three slices). The variability in the measurements for each case can be seen from the error bars. In the case of small « 16 mm) or large (>26 mm) CV length and width, the variability is high and the reliability of the measurements is smaller compan'd to a medium CV size, in which both the mean errors and var iability are small.
In Figure S , no significant difference can be observed in the regurgitant volume results under different magni tudes of the aortic outflow (0-25l/min). In all cases, even with no aortic outflow, best accuracy was observed for a medium CV (16-26 mm) length and width. The accuracy was reduced too close or too far from the orifice. Statis tical analysis with a Mann-Whitney test confirmed the similarity of the results regardless of the aortic outflow rate (P values from .IS to .S7).
No significant difference was observed in the results be tween the circular and the slit-like orifice shapes. This was also confirmed by statistical analysis with a Mann Whitney test (P values from .37 to .96). Similarly, no sig nificant difference was observed in the trends of the data for a 60 0 and a 90 0 cone-apex angle of the mitral valve models. Statistical analysis with a Mann-Whitney test confirmed the similarity in the measurements (P > .20).
II
• DISCUSSION
The main objective of this study was to investigate the potential of the CV method to quantify the mitral regur gitant volume and to study the effects of CV size. aortic outflow. and geometrical characteristics of the regurgi tant valve on the accuracy of the measurements. Both steady and pulsatile flow data indicated that the CV should be selected carefully.
By selecting a very small CV, its boundary voxels con tained distorted signal caused by rapid convective flow acceleration (22, 23) or velocity aliasing. The peak orifice velocity in mitral regurgitation can reach or even exceed 5 m/sec. Even if a VENC of this value is chosen to avoid velocity a liasing, acceleration will still cause either signal loss or overestimation (in moderate cases) of the actual velocity in that region. By choosing a larger CV in which the boundary voxels were not in the region of acceleration or aliasing, accurate measurements of the regurgitant flow were obtained. Because the velocity decreases very rapidly with the distance from the orifice, a VENC much smaller than 5 m/sec must be chosen to optimize the measurements.
When the CV was very large, its boundary voxels were in regions with velocities much lower than the VENC se lected. The velocity sensitivity was low. resulting in in accurate measurements. By choosing a CV of a size large enough to exclude the region of disturbed flow near the regurgitant orifice, the velocity sensitivity was high enough and the measurements were accurate.
Aortic outflow did not affect the accuracy of the meas urements. This is an important finding, considering that the presence of aortic outflow is one of the limitations of th e color Doppler PISA technique (14) . It is the ability of PVM to measure all three velocity components in a slice and the theoretical simplicity of this CV method that pro vide this accuracy in the presence of aortic outflow.
The accuracy in the results of the regurgitant volume. regardless of the shape of the regurgitant orifice or the a ngle between the valve leaflets (simulated through the examin ation of two cone-apex angles), shows that geo metrical characteristics of the mitral valve should not af fect the reliability of the CV method in measuring the regurgitant volume. This is a result of the nature of the CV method, which does not require any assumptions about the converging flow field (in contrast to the PISA method).
The present study used a simple in vitro ventricular model with cone-shaped mitral valve models and an aor tic outflow tract. The general geometry was similar to that of a human left ventricle with regard to flow patterns in the ventricle. valve shape. and the relative pOSition of the mitral valve and the aortic outflow track. MR images s howed that an interaction existed between the aortic outflow and the regurgitant flow (Fig. 9) , similar to that observed from Doppler in vivo images. Of course, this model did not exactly represent the human left ventricle, because there were functional and geometrical physio logic deviations. For example. no wall motion was simu lated in the experiments. However, in this study. it was of interest to investigate whether the CV method is reli able in a flow environment similar to that observed clin ically in patients with mitral regurgitation , in which aortic outflow interacts with the regurgitant flow. Other factors , such as the ventricular wall motion and the mi tral valve motion during systole, should be investigated n ext in the course of establishment of this method clini cally to measure the mitral regurgitant volume.
The major current limitation of this approach is its long acquisition time. For instance, acquiring four slices. with all three velocity components measured in each slice. re quired more than 1 hour of imaging. It should be pOinted out that conventional pulse sequences were used in this s tudy. Use of turbo gradient-echo. echo-planar flow im aging, and other ultrafast techniques (24.25) will provide short imaging times. These techniques are currently under investigation regarding their reliability and accuracy to measure blood velocity with promising results. The aim of this study was to show that the CV method is accurate using a well calibrated and extenSively used pulse se quence.
Although the CV method is very promising in quanti fying the regurgitant volume. mitral regurgitation is a complex disease. Several indices must be known before complete diagnosis is done. Knowledge of the regurgitant volume is important, because it provides an index of the severity of the disease. It can also be very useful in mon itoring the effectiveness of drugs. s uch as vasodilators. used to treat patients with regurgitation and in following patients. This quantitative information combined with in formation regarding the condition and function of the heart that MRI provides can lead to a more complete cardiac evaluation.
In conclusion, in vitro measurements showed that the CV method is very promising for the quantification of the mitral regurgitant volume. The CV size must be selected
